Exploring size and state dynamics in CdSe quantum dots using two-dimensional electronic spectroscopy J. Chem. Phys. 140, 084701 (2014); 10.1063/1.4865832 Carrier relaxation dynamics in In As ∕ In P quantum dots Appl. Phys. Lett. 92, 191103 (2008) In solids the phonon-assisted, nonradiative decay from high-energy electronic excited states to low-energy electronic excited states is picosecond fast. It was hoped that electron and hole relaxation could be slowed down in quantum dots, due to the unavailability of phonons energy matched to the large energy-level spacings ͑"phonon-bottleneck"͒. However, excited-state relaxation was observed to be rather fast ͑ഛ1 ps͒ in InP, CdSe, and ZnO dots, and explained by an efficient Auger mechanism, whereby the excess energy of electrons is nonradiatively transferred to holes, which can then rapidly decay by phonon emission, by virtue of the densely spaced valence-band levels. The recent emergence of PbSe as a novel quantum-dot material has rekindled the hope for a slow down of excited-state relaxation because hole relaxation was deemed to be ineffective on account of the widely spaced hole levels. The assumption of sparse hole energy levels in PbSe was based on an effective-mass argument based on the light effective mass of the hole. Surprisingly, fast intraband relaxation times of 1 -7 ps were observed in PbSe quantum dots and have been considered contradictory with the Auger cooling mechanism because of the assumed sparsity of the hole energy levels. Our pseudopotential calculations, however, do not support the scenario of sparse hole levels in PbSe: Because of the existence of three valence-band maxima in the bulk PbSe band structure, hole energy levels are densely spaced, in contradiction with simple effective-mass models. The remaining question is whether the Auger decay channel is sufficiently fast to account for the fast intraband relaxation. Using the atomistic pseudopotential wave functions of Pb 2046 Se 2117 and Pb 260 Se 249 quantum dots, we explicitly calculated the electron-hole Coulomb integrals and the P → S electron Auger relaxation rate. We find that the Auger mechanism can explain the experimentally observed P → S intraband decay time scale without the need to invoke any exotic relaxation mechanisms.
INTRODUCTION
In insulating solids 1 and in large molecules, 2 optical excitation at energy ⌬ excess above the first excited state leads to rapid, phonon-assisted intraband relaxation of the photoexcited electron and hole. As a result, photoluminescence is observed only from the lowest-energy excited state, irrespective of the magnitude of ⌬ excess ͓Fig. 1͑a͔͒. The emergence of semiconductor quantum dots has raised the hope that intraband carrier relaxation could be significantly slowed down via a "phonon-bottleneck" mechanism ͓Fig. 1͑b͔͒, in which phonon-assisted intraband transitions are inhibited by the large energy spacing between electronic levels. The existence of long-lived excited states could be beneficial to devices that utilize the excess energy ⌬ excess . Examples include the expected extension of radiative intraband emission far into the mid-IR, 3 or the utilization of the excess energy ⌬ excess to create additional electron-hole pairs. 4 This phononbottleneck scenario 5, 6 was postulated on the basis that quantum confinement in zero-dimensional nanostructures increases the spacing between electronic energy levels, while leaving the phonon energies largely unchanged. Indeed, in CdSe ͑Ref. 7͒ and PbSe ͑Refs. 8-10͒ nanocrystals, the spacings between the first and second electron levels ͓S and P in Fig. 1͑a͔͒ are 200-400 meV and 100-300 meV, respectively, far exceeding the LO phonon energies of ϳ30 ͑Ref. 11͒ and 17 meV, 3, 11, 12 respectively. Even in a much larger, self-assembled InGaAs/ GaAs dots, the spacing between the electronic levels ͑ϳ50 meV͒ is larger than the LO phonon energy ͑ϳ30 meV͒. [13] [14] [15] [16] When the spacing between electronic levels exceeds the phonon energy, one would expect 5, 6 phonon-assisted relaxations to be slow, on account of the unavailability of energy-conserving phonons. 17 This scenario led to the expectation 4, 5 of slow carrier relaxation in quantum dots ͓Fig. 1͑b͔͒.
However, fast, subpicosecond-to-picosecond excitedstate relaxation times were observed in CdSe ͑Refs. 7 and 18-21͒, InP ͑Ref. 22͒, and ZnO ͑Ref. 22͒ quantum dots. Even in the much larger self-assembled InGaAs/ GaAs dots, the observed 23 relaxation time was as fast as ϳ10 ps. This "first crisis" created by the experimental absence 7, [18] [19] [20] [21] [22] of the theoretically expected 4,5 phonon bottleneck was addressed by suggesting that the phonon bottleneck for electrons is circumvented by fast electron-hole Auger scattering. 24 Whereas the spacing between electron levels is usually large in quana͒ Electronic mail: albertoគ_franceschetti@nrel.gov. THE JOURNAL OF CHEMICAL PHYSICS 128, 164720 ͑2008͒ tum dots, the spacing between hole levels can be rather small ͓10 meV in CdSe ͑Ref. 25͒ and InGaAs ͑Ref. 13͒ quantum dots͔. Thus, the radiationless decay of excited electron states can be fast, provided that the excess energy of the electron can be efficiently transferred to the hole ͓Fig. 1͑c͔͒. 24 The question is whether the electron-hole Auger coupling in quantum dots is large enough to explain the observed ultrafast P → S electron relaxation time. This possibility was quantitatively examined by calculating the magnitude of the Auger coupling from pseudopotential theory. 25 It was found that for CdSe dots this hole-mediated electronic P → S decay time matched experiment 7,18-21 very well, both in magnitude and in its dependence on quantum-dot size. The same was true in self-assembled InGaAs/ GaAs dots, where the calculated Auger lifetime 13 explained the observed P → S decay when both electrons and holes are present in the dot.
The Auger mechanism obviously requires the presence of a hole to be effective ͓Fig. 1͑c͔͒. This mechanism as an explanation of the observed P-to-S electron relaxation was challenged by Guyot-Sionnest et al., 26 who reported relatively fast ͑10-30 ps͒ electron decay in CdSe dots passivated by alkylamines or dodecanethiol ligands, which act as hole traps and thus separate the photogenerated hole from the electron. This slowing down of the P-to-S electron relaxation time by a factor of 2-5 ͑with respect to the case where electrons and holes are both present in the core of the dot͒ was interpreted as evidence for the need for another mechanism to explain electron relaxation, at least in the case where the hole is trapped at the surface of the dot. However, this qualitative expectation was not supported by a quantitative estimate of how much slowing down of the P-to-S relaxation is expected under the Auger picture for a given degree of hole localization. Such a quantitative calculation was recently provided by Califano, 27 who found that in CdSe nanocrystals efficient energy transfer can be achieved between a dotinterior electron and a surface-trapped hole, leading to P-to-S electron relaxation rates in quantitative agreement with the experiment and consistent with the Auger interpretation of electron relaxation. Thus, the alternative mechanisms, while possible, are not forced upon us by any conflict of simpler mechanisms with experimental data.
The emergence of PbSe as a novel colloidal-dot material 3, 12, [28] [29] [30] [31] has rekindled the hope for a slowdown of excited-state relaxation because PbSe was deemed to be a very different material than the previously studied CdSe, InP, and ZnO quantum dots. Indeed, the hole effective masses of PbSe ͑longitudinal mass m l = 0.07, transverse mass m t = 0.034͒ 11 are light. In a simple, infinite-barrier particle-in-abox or k · p model, 32 this would imply large spacings between the hole levels, thus impeding fast hole relaxation and therefore impeding effective Auger relaxation of electrons. It was further suggested 29, 30 that a slow excited-state relaxation would explain the observation of multiexciton generation in PbSe ͓Fig. 1͑d͔͒, a process that competes with the Auger relaxation channel ͓Figs. 1͑a͒-1͑c͔͒.
Contrary to expectations 28, 30, 32 that the excited-state decay in PbSe quantum dots would be slow, Wehrenberger et al. 3 first showed that the decay is actually faster than the experimental temporal resolution of 4 ps. Subsequent refined measurements by Schaller et al. 12 revealed a lowtemperature decay time of only ϳ1.6 ps for 19 Å radius dots and ϳ2.7 ps for 35 Å radius dots, not much slower than CdSe. These observations were followed by the measurements of Harbold et al., 28 who measured a room-temperature decay time of 3.5-6.5 ps for nanocrystal size R =20-30 Å. Recently, Bonati et al. 33 reported upconversion photoluminescence measurements of excited-state relaxation rates in PbSe nanocrystals. They found relaxation times ranging from 0.85 to 1.3 ps for PbSe nanocrystals 1.7 to 3.6 nm in radius, the relaxation time being the largest for the smallest nanocrystals. Furthermore, multiexciton generation ͓Fig. 1͑d͔͒, which was initially thought to be particular to PbSe dots, was later observed in several other materials ͓CdSe ͑Ref. 34͒, PbS ͑Ref. 30͒, and PbTe ͑Ref. 35͔͒, for which the hole level spacing is not known to be particularly large. This "second crisis," created by the experimental absence 3, 12, 28 of the theoretically expected [28] [29] [30] 32 slow excited-state relaxation in PbSe quantum dots, led to the statement that "this is not understood, and there is a need for a novel mechanism to explain these results."
3 Indeed, rather exotic mechanisms, involving very strong acoustic coupling, 3 or multiphonon emission triggered by nonadiabatic electron-hole interaction, 12 were suggested to explain the fast P → S decay in PbSe dots.
Examination of the literature cited above reveals that this second crisis was created by the commonly held opinion that excited-state relaxation in PbSe must be slow on account of the widely spaced hole levels. In turn, the expectation of widely spaced hole levels was based on effective-mass-like models 12, 30, 32 that describe quantum dot states on the basis of very few bulk crystal band-edge states. A close examination 9 of the band structure of bulk PbSe 36 reveals, however, that there are a few valence-band extrema near the valence-band maximum ͑VBM͒, originating from different valleys FIG. 1. Electron relaxation mechanisms in quantum dots following optical excitation ͑bold upward arrow͒. ͑a͒ Multiphonon decay, where the P-to-S radiationless transition ͑dashed arrow͒ is phonon-assisted. ͑b͒ Phonon bottleneck, where the P-to-S transition is impeded by the absence of energyconserving phonons. ͑c͒ Auger decay, where the P-to-S transition occurs by transfer of the electron excess energy to the hole. ͑d͒ Multiexciton generation, where the excited electron transfers its excess energy by creating an additional electron-hole pair.
͑L, ⌺, etc.͒ in the Brillouin zone. Thus, dot hole states could evolve from a number of host crystal valleys, an effect that is not describable by single-valley effective mass models 12, 30, 32 and that was recently confirmed by optical absorption measurements. 37 Indeed, atomistic multivalley, multiband pseudopotential calculations 9 have shown that the hole states in PbSe dots are rather closely spaced ͑by a few meV͒, in sharp contrast to the expectations of simple models. 12, 30, 32 The significant density of hole states of PbSe places this material in a similar qualitative 38 class with other dot materials, and contradicts the expectation of a phonon bottleneck. Having established that the hole energy levels are sufficiently dense to allow for fast, phonon-assisted hole relaxation, 9 in this work, we examine the second prerequisite for fast electron relaxation, namely, the existence of an efficient Auger relaxation channel.
To examine the consequences of the electronic structure of PbSe quantum dots on the Auger decay rate, we have used the atomistically calculated energy levels and wave functions to compute the P → S Auger lifetime A . We find A = 0.1-0.2 ps for R = 15.3 Å and A =6-16 ps for R = 30.6 Å at room temperature ͑the range corresponding to different assumed broadening factors for the electronic energy levels͒. While these decay times are somewhat longer than the 0.12 and 0.25 ps observed in CdSe dots 39 of radius R = 17 and 23 Å, respectively, the differences do not appear to be qualitative. We conclude that there is no phonon bottleneck in PbSe quantum dots because of the closely spaced hole levels and efficient electron-hole Auger scattering ͓Fig. 1͑c͔͒. The reason why multiexciton generation ͓Fig. 1͑d͔͒ is observed in PbSe is that this process is even faster 10 than the Auger process.
METHOD OF CALCULATION
When a high-energy electron-hole pair is created by photon absorption, it rapidly decays via phonon emission until it reaches the ͑e p , h s ͒ configuration, where the electron occupies one of the quasidegenerate P-like conduction states ͕e p ͖ and the hole occupies one of the S-like valence states ͕h s ͖ ͓see Fig. 1͑a͔͒ . This fast phonon-assisted decay is enabled by the large density of hole and electron states. 9 When the electron reaches the e p levels, however, it can no longer relax by phonon emission because of the large energy gap between the e p levels and the e s levels. Thus, the ͑e p , h s ͒ configuration is dynamically "stable" with respect to phonon-assisted relaxation, and the Auger relaxation channel becomes the dominant decay channel.
The Auger relaxation rate is calculated here using timedependent perturbation theory ͑Fermi's golden rule͒. The initial and final states of the Auger process are described by single Slater determinants. In a previous work on CdSe quantum dots, 25 we used a limited configuration-interaction ͑CI͒ expansion-where only coupling between different ͑e p , h s ͒ configurations was included-to calculate the initial and final states of the Auger process. We found that such limited CI expansion leads only to minor changes in the Auger rate compared to a calculation based on single Slater determinants. Note that in a full CI description, where the excitons are coherent mixtures of all electron-hole pairs, the matrix elements between the initial and final states of the Auger process would be zero. The rationale for using a limited CI description is that the fast phonon decay channel introduces an efficient decoherence mechanism for the photogenerated excitons. In other words, we consider the case where the system has been "prepared" in the initial configuration ͑e p , h s ͒ by fast phonon-assisted decay.
According to Fermi's golden rule, the Auger relaxation rate is given by where ͕ i ͑r , ͖͒ are the single-particle wave functions ͑which depend on the spatial variable r and the spin variable ͒ and ⑀͑r 1 , r 2 ͒ is the microscopic dielectric constant of the dot.
To generate the single-particle eigensolutions ͕ i , i ͖ needed to evaluate Eqs. ͑1͒ and ͑2͒, we solve the effective Schrödinger equation,
where the wave functions i ͑r , ͒ are expanded in a plane wave basis set and V SO is the spin-orbit operator. The local potential V͑r͒ is represented as a superposition of screened atomic pseudopotentials for atom species ␣ at site d ␣ in cell R,
A correct description of the single-particle energy levels of quantum dots requires a theoretical model that can accurately describe a few physical effects: ͑i͒ The existence of multiple band extrema in the corresponding bulk band structure. Previously published first-principles band-structure calculations of bulk PbSe ͑Ref. 36͒ show that a few valenceband extrema exist within ϳ0.5 eV of the VBM. All effective-mass-based methods applied to PbSe to date include but a single valence band valley, so they all miss this contribution to the hole density of states of PbSe quantum dots. ͑ii͒ The splitting of the L-valley band-edge states and their anisotropic effective masses. The only other atomistic ͑not effective mass͒ calculation of large PbSe quantum dots is the tight-binding calculation of Allan and Delerue. 40 Unfortunately, the particular tight-binding fit of Ref. 40 did not correctly reproduce the effective-mass anisotropy of the L valleys. 9 Here, we consider two quantum dots; Pb 260 Se 249 ͑R = 15.3 Å͒ and Pb 2046 Se 2117 ͑R = 30.6 Å͒. All surface dangling bonds were passivated by ligand potentials. 9, 10 References 9 and 10 give the results of interband absorption spectra, intraband absorption spectra, and multiexciton generation of these dots. To evaluate Coulomb integrals of Eq. ͑2͒, we use a microscopic dielectric function of the form
where m͑r͒ is 1 for ͉r͉ ഛ R − d ͑here, d =1 Å͒, decays to zero as ͱ ͓sin͑͑R − ͉r͉͒ / 2d͒ +1͔ / 2 between R − d and R + d, and remains zero for ͉r͉ ജ R + d. The introduction of the mask function m͑r͒ is consistent with recent first-principles calculations by Cartoixà and Wang, 41 showing that the dielectric function inside a quantum dot is bulklike, whereas at the surface, it decays into the dielectric function of the material surrounding the dot. In the following, we use ⑀ in = 22.9 and ⑀ out = 1, corresponding to the macroscopic dielectric constants of bulk PbSe and vacuum, respectively. Whereas the e p − e s energy separation is too large ͑ജ130 meV, corresponding to ϳ8ប LO ͒ to allow for efficient phonon-assisted electron relaxation, the energy splittings within the ͕e p ͖ and ͕h s ͖ manifolds are very small ͑a few meV in a 30.6 Å dot͒, so we assume that the ͕e p ͖ and ͕h s ͖ levels are thermally populated. The temperature dependence of the Auger decay rate is computed using the Boltzmann statistics,
where the sum runs over the 64 exciton configurations ␥ ͑of energy E ␥ and intrinsic Auger lifetime ␥ ͒, in which the electron occupies one of the eight lowest-energy e p conduction states and the hole occupies one of the eight highest-energy h s valence states. E 0 is the lowest-energy such configuration. The method of Eqs. ͑1͒-͑6͒ has been previously used 25 for calculating Auger relaxation rate and recombination rate in CdSe dots, where it produced a close agreement with the experiment. Here, we note that bulk PbSe has a strong and anomalous band gap temperature dependence, 11 presumably due to strong electron-phonon coupling, whereas our calculation is done for a static lattice, neglecting electron-phonon coupling and assuming a temperature-independent level spacing. 28, 31 reported photoluminescence linewidths of the order of 100 meV in PbSe nanocrystals. We find, however, that the value of A does not significantly change when ⌫ increases above 20 meV. Figure 4 shows A ͑T͒ of the 15.3 and the 30.6 Å PbSe quantum dots as a function of temperature for three different values of the broadening factor ⌫ ͑5, 10, and 20 meV͒. We find that the Auger relaxation time A ͑T͒ of the R = 30.6 Å dot increases with increasing temperature, while A ͑T͒ of the R = 15.3 Å dot decreases slightly with temperature. For example, for ⌫ = 10 meV, A ͑T͒ increases from 7.1 ps at 100 K to 10.4 ps at 300 K in the case of the R = 30.6 Å dot, while it decreases from 0.13 to 0.12 ps for the 15.3 Å dot. Also shown in Fig. 4 are the measured values of the exciton relaxation times. 12, 28, 33 Since experiments measure the relaxation time from an excited state ͑e.g., P h -P e ͒ to the exciton ground state ͑S h -S e ͒, the experimental data is not directly comparable with our calculations of the P → S electron relaxation rate because the exciton relaxation time is affected by the hole relaxation. To understand the origin of the calculated temperature dependence of A ͑T͒ ͑Fig. 4͒, we show in Fig. 5 the calculated intrinsic Auger lifetimes ␥ of the 64 initial exciton states, originating from the eight lowest-energy P-like electron states and the eight highest-energy S-like hole states. Also shown in Fig. 5 ͑lower panels͒ are the Boltzmann weights e −͑E ␥ −E 0 ͒/K B T of the 64 exciton states at T = 300 K. We see that in the case of the R = 30.6 Å dot ͓Fig. 5͑b͔͒ the intrinsic Auger lifetimes ␥ tend to increase with the exciton energy E ␥ . As a result, the Auger lifetime A ͑T͒ increases with temperature ͑Fig. 4͒. In the case of the R = 15.3 Å dot ͓Fig. 5͑a͔͒, the intrinsic Auger lifetimes ␥ have a nonmono- tonic dependence on the exciton energy E ␥ , so the thermalaveraged Auger lifetime A depends more weakly on temperature.
AUGER RELAXATION TIME

SUMMARY
The observed fast P → S intraband relaxation times 3, 12, 28 of 1 -7 ps for PbSe dots of radius ranging from 20 to 35 Å have been previously considered to be contradictory with the light hole and electron effective masses of PbSe and the presumed mirrorlike symmetry between conduction and valence energy levels. Our pseudopotential calculations 9,10 refuted the presumption of mirrorlike symmetry: Because of the existence of three valence-band maxima in the bulk PbSe band structure, hole energy levels are more densely spaced than electron energy levels, thereby opening up Auger scattering as a possible source of the fast P → S intraband relaxation. We find that the Auger mechanism can explain the experimentally observed intraband P → S relaxation time scale without the need to invoke any exotic relaxation mechanisms. However, inclusion of the temperature dependence of the electron and hole spacings may be needed to obtain a closer agreement between the calculated temperature dependence of A and experiment. The existence of efficient multiexciton generation in PbSe ͑Refs. 29 and 30͒ and in other quantum-dot materials ͑Refs. 30, 34, and 35͒ does not conflict with the existence of picosecond fast excited-state Auger relaxation, because multiexciton generation is considerably faster. 
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